Abstract Fruit skin coloration is a unique phase in the life cycle of fruiting plants and is mainly attributed to anthocyanin pigments. Anthocyanins are the largest and most diverse group of plant pigments derived from the phenyl propanoid pathway. They are water-soluble phenolic compounds that form part of a large and common group of plant flavonoids. Coloration encompasses several physiological and biochemical changes that happen through differential expression of various developmentally regulated genes. Due to research importance and economic value, Arabidopsis thaliana (chromosome no. = 5) and Vitis vinifera (chromosome no. = 19) have been used for investigations of the structural genes involved in anthocyanin biosynthesis. Thus for this review, V. vinifera is used as a model crop. In anthocyanin biosynthesis, a wide range of constructive genes including phenylalanine ammonia lyase, chalcone synthase and anthocyanidin synthase that are regulated by MYB transcription factors are involved. These genes are coordinately expressed and their levels of expression are positively related to the anthocyanin concentrations. Expression or suppression of the constructive genes contributes to a variety of changes that make fruits visually attractive and edible. Transgenic approaches also have discovered a strong relationship between phenyl propanoid/flavonoid gene expressions for fruit skin coloration. In this study, various developments that have taken place in the last decade with respect to identifying and altering the function of color-related genes are described.
Introduction
Fruits have vital importance in the human diet and the quality of fruit is determined by a wide range of desirable characteristics such as nutritional value, shelf life and fruit skin color. Fruit skin color is one of the most important traits for both commercial and esthetic value of fruit and is mainly determined by the content and composition of anthocyanins (Pomar et al. 2005; Torres et al. 2010) . Anthocyanins are the largest and most diverse group of water-soluble phenolic plant pigments derived from the phenyl propanoid pathway (Tunen et al. 1991) with the genetics and biochemistry of the anthocyanin biosynthesis pathway, which is a major well-characterized branch of flavonoid metabolism (Holton and Cornish 1995; WinkelShirley 2001; Kim et al. 2003; Martens et al. 2010) . During the last decade, many structural genes involved in the anthocyanin biosynthetic pathway and various transcription factors (MYB, bHLH, and WD40) have been identified and functionally characterized in fruit crops (Boss et al. 1996; Honda et al. 2002; Koes et al. 2005; Cultrone et al. 2010) .
Color development in fruits is an important evolutionary trait and a major factor contributing to fruit quality and subsequent market value. Anthocyanin biosynthesis in fruits has become an interesting and useful aspect of research due to the need of better understanding its mechanism and development of fruit cultivars with higher anthocyanin contents. There is no clear study reported on anthocyanin biosynthesis mechanism in fruit crops apart from that in apple and grape (Matus et al. 2008) , probably due to some genes involved in anthocyanin biosynthesis having pleiotropy and being affected by many internal and external factors. Despite this drawback, many regulatory genes have been newly identified in grape, apple and other fruit crops (Hugueney et al. 2009; Cultrone et al. 2010; Feng et al. 2010) . In this review, we describe different aspects of the gene involved in the regulation of anthocyanins and their functions in plants.
Economics of colored fruits
The share of colored fruits in the total world fruit production is very significant with the largest contributing several billion dollars annually. We compiled data based on FAO statistics (http://www.faostat.fao.org) for the year 2009 on major colored fruits for this review. Fruits produced by the 20 top countries have been referred as the total world production of that fruit and therefore the figures quoted herein follow this assumption. The total world production of the 22 major colored fruits is at least 473,679,743 MT, out of which tomato occupies the top position with 29.9 % (141,400,629 MT); banana 20 %, 95, 595, 965 MT; apple 15 % (71, 736, 938 MT); grapes 14 % (66, 935, 199 MT); mangoes and mangosteens 7.40 % (35, 035, 641 MT) (Table 1) . On the extreme end, cranberries and gooseberries have the least acreage harvested (0.14 %) and percentage of total production (0.12 %) (Fig. 1) .
In terms of market value, fleshy fruits generate more than 1.2 9 10 12 international dollars (Int. $) worldwide, out of which grape tops the list (2.7 9 10 10 ), followed by tomato (2.5 9 10 10 ). While considering export potential, it may be realized that apple, banana, tomato and grape fetch maximum value as compared to other fruits (Bapat et al. 2010) .
Anthocyanin biosynthesis
Fruit skin color is an appealing feature of many fruits, with anthocyanins being the most prominent pigment imparting red, blue and black hues to the fruits in which they accumulate (Wheelwright and Janson 1985) . The anthocyanin biosynthesis pathway is fairly complex and a variety of metabolites are responsible for synthesis of this pigment in fruit crops (Boss et al. 1996) . There are a wide range of constructive genes involved in anthocyanin biosynthesis and include phenylalanine ammonia lyase (PAL), chalcone synthase (CHS) and anthocyanidin synthase (ANS) (Fig. 2) . Among these genes, PAL plays a critical role in anthocyanin synthesis, but when precursors are sufficient anthocyanin synthesis does not depend on PAL activity (Boss et al. 1996; Salvatierra et al. 2010) . A series of enzyme- catalyzed reactions are involved in the conversion of phenylalanine to anthocyanins. Initially, phenylalanine is transformed to trans-cinnamic acid through trans-elimination of ammonia as catalyzed by PAL followed by transcinnamic acid changing into 4-coumaroyl-CoA mediated by C4H and 4CL. One molecule of 4-coumaroyl-CoA together with three molecules of malonyl-CoA are catalyzed by CHS to form naringenin chalcone which is rapidly and stereo specifically isomerized to naringenin by CHI. After hydroxylation at the 3-position by F3H, naringenin converts to dihydroflavonols, which are subsequently reduced to leucoanthocyanidin by DFR. ANS catalyzes the synthesis of corresponding colored anthocyanidins using leucoanthocyanidin as substrate. Finally, the hydroxyl group at C 3 of anthocyanidins is glycosylated by glycosyl moieties from UDP-activated sugar donor molecule by the action of UFGT to yield resultant anthocyanins.
Anthocyanin concentration and distribution in the fruit
Anthocyanins are present in different plant organs (fruits, flowers, stem, leaves and roots) and are normally dissolved uniformly in the vacuolar solution of epidermal cells (Brouillard 1982) . In certain plant species, anthocyanins are however localized in discrete regions of the cell vacuole, called anthocyanoplasts (Pecket and Small 1980) . The content of anthocyanin ( , pelargonidin (12 %), peonidin (12 %), delphinidin (12 %), petunidin (7 %) and malvidin (7 %). The most widespread anthocyanin in most fruits is cyanidin-3-glucoside (Kong et al. 2003) .
Structural genes identified in fruit crops
Most of the structural genes in fruit crops have been isolated and well characterized (Boss et al. 1996; Piero et al. 2005; Ubi et al. 2006; Matus et al. 2010) . The structural genes (Table 3 ) involved in anthocyanin synthesis are coordinately expressed and their levels of expression positively related to the degree of anthocyanin concentration Piero et al. 2005; Matus et al. 2010; Crifó et al. 2011 ).
PAL, CHS, CHI, F3H, F3
0 H, DFR, ANS, LODX, UFGT, OMT and GST structural genes are correlated with loci for anthocyanin synthesis in grapevine (Table 3) , while the transcript levels of UFGT can be higher in red compared to white fruits (Kobayashi et al. 2001; Jeong et al. 2004; Cultrone et al. 2010; Niu et al. 2010; Zhang et al. 2011; Xin et al. 2012) . In strawberry the genes DFR, ANS and UFGT have been shown to be positively correlated with anthocyanin synthesis, while C4H and 4CL did not seem to have a determining role in the differences in fruit pigmentation, but had close relation to synthesis of lignin monomers (Salvatierra et al. 2010) .
CHS, ANS and UFGT, and GmDFR, GmUFGT and GmDOX were found to be responsible for anthocyanin synthesis in citrus and magosteen, respectively, while in apple, coordinated expression of MdCHS, MdF3H, MdANS, pDFR and pUFGluT was correlated with anthocyanin synthesis , though MdCHI is yet to be isolated (Takos et al. 2006a, b) . Different structural genes have been isolated from fruit crops and analyzed as shown in Table 3 .
Homologous genes involved in anthocyanin biosynthesis in Arabidopsis and grapevine
The anthocyanin biosynthesis pathway is an important mechanism in plants and has been studied in many plants, ranging from potato, Arabidopsis, grape and maize, among others. Due to the research importance and the economic value of Arabidopsis thaliana (chromosome no. = 5), and V. vinifera (chromosome no. = 19), these two model plant species have been widely used for investigation of the structural genes involved in the anthocyanin biosynthesis pathway. These genes include phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavanone 3 0 -hydroxylase
, anthocyanidin synthase/leucoanthocyanidin dioxygenase (ANS/LDOX), and UDP-flavonoid glucosyl transferase (UFGT).
After blast search and protein domain analysis, the homologous genes involved in the anthocyanin biosynthesis pathway were isolated (Table 4) . PAL is the first structural gene in the pathway and 4 copies (AtPAL1, AtPAl2, AtPAL3 and AtPAL4) have been reported in A. thaliana and 11 in V. vinifera. AtC4H is located in chromosome 2 of A. thaliana, and three copies of C4H have been isolated in V. vinifera with two copies of C4H being in chromosomes 6 and 11. Vv4CL5 was located in 
Grapevine as a model crop for anthocyanin studies in fruit crops
Grapevine (V. vinifera L.) is the most important fruit crop and has been widely cultivated in the world, with a long history of physiological, biochemical and molecular investigations and advances in the development of genetic and molecular tool kits for this species. The grapevine species is a representative of the genus Vitis and has a disomic inheritance with 2n = 38 and a relatively small genome of 475 Mbp (Lodhi and Reisch 1995; Aradhya et al. 2003) . Grape skin color is an important factor both biologically and economically, since the quality of grape berries greatly depends on skin color, which greatly affects market prices and the wine industry (Koshita et al. 2011) . Fruit skins of grapes have the highest amounts of volatile and polyphenolic compounds compared to other parts of the fruit. The color of grape berries is determined by the quantity and composition of anthocyanins in their skins (Pomar et al. 2005; Torres et al. 2010) .
Though earlier studies were focused more on the molecular biology of fruit skin color, genomics approaches have recently been used to reveal insights into control of primary coloration upstream of anthocyanin, colorationrelated signal transduction systems and downstream metabolic networks. Grape pleiotropic coloration mutations have added greatly to the understanding of fruit skin color.
Genes of anthocyanin production and pigment biosynthesis enzymes were among the first anthocyanin-responsive genes isolated from fruits of grape and anthocyanin biosynthesis in grape skin has been extensively studied (Boss et al. 1996) . In grapevine, anthocyanin biosynthesis depends on Myb-related genes, which play a crucial role in the different varieties that exhibit an assortment of biosynthesis modes. In American hybrid grapevine, VlmybA1-2, VlmybA2 and VlmybA3 are located in the pericarp, though the exact location is unknown, and also regulate the anthocyanin biosynthetic gene cluster (dashed box in Fig. 3 ). Gene clusters can encode the production of the Myb protein, thus contributing to the expression of the anthocyanin biosynthetic pathway in UFGT-turned grape skin color. Grape color loci are mainly divided into three cases (Fig. 3): (1) VvmybA1 and VvmybA2 can be mutated, VvmybA1a and VvmybA2w have no function, and VvmybA1b, VvmybA1c and VvmybA2r have a function. In addition, some red white mutant varieties VvmybA1 and VvmybA2 are lost and cannot synthesize anthocyanins, though VvmybA2r and VvmybA1c, VvmybA2w and VvmybA1b, and VvmybA2w and VvmybA1c can synthesize anthocyanins in Europe and American hybrid grapes. (2) The European Oriental species has only VvmybA1 SUB and lacks VvmybA2, VlmybA1-2, VlmybA2-and VlmybA3. Whether VvmybA1 SUB can regulate anthocyanin biosynthesis in grapevine is still unknown (Fig. 3, dashed  arrows) . (3) In European and American hybrid grapes, the VlmybA1-3 gene cluster can be encoded separately, and VlmybA1-2 and VlmybA2 composition generating the Myb protein induced UFGT to express anthocyanins in the skin.
Anthocyanins from fruit to human health
Anthocyanins act as powerful antioxidants, water-soluble vacuolar pigments and also possess a multitude of biological roles, including protection against solar exposure and ultraviolet radiation, free radical scavenging and antioxidative capacity, defense against many different pathogens, attraction of predators for seed dispersal, as well as the newly proposed modulation of signaling cascades (Bornsk et al. 2012) . Anthocyanins are able to prevent oxidative damage to DNA, proteins, lipids and other macromolecules caused by reactive oxygen species (ROS). They have systemic action, since they are absorbed and circulate in the blood, and it is in this circulating form that they act upon different target tissues in the human body. Anthocyanins may also act locally, in the gut, if they are not absorbed by intestinal mucosa. Finally, they may also act as topical agents, for example, by protecting the skin from UV radiation. Free radical damage contributes to the etiology of many chronic diseases (Bobe et al. 2006; Chen et al. 2006; Valcheva-Kuzmanova and Belcheva 2007) and thus antioxidants may have beneficial effects on human health at different levels. Within the assayed anthocyanins, the 3-glucoside of delphinidin, which is the only anthocyanin containing the 30-, 40-and 50-hydroxy group (gallocatechol structure) in the B-ring, has shown the highest antioxidant capacity (Garcia-Alonso et al. 2005) . Although some researchers have cast doubts on their bioavailability, considerable attention has been focused on the potential beneficial effects of anthocyanins on human health and their derived compounds in fruits in recent years. On the other hand, with no literature reports of anthocyanin toxicity, their safety has been extensively demonstrated by the widespread and incidence-free consumption of food products that contain anthocyanins. Because of their brilliant color, high water solubility and beneficial biological properties, anthocyanins are considered as a class of potential natural pigments for replacing synthetic colorants in many kinds of food.
Transgenic plants developed for anthocyanin
Transgenic approaches have discovered a strong relationship between phenylpropanoid/flavonoid gene expression and a plant's defense response levels. In view of the potential of the flavonoid pathway in plant defense response, attempts are being made in several laboratories to genetically engineer plants for increased flavonoid levels by over-expressing the structural and/or the regulatory genes of the pathway. Transgenic lines revealed an insight into the regulation of the flavonoid pathway and the possibilities and limitations of engineering metabolic pathways in general and the flavonoid pathway in particular. The results can be used to design novel strategies for engineering plants with an optimal content of flavonoids, and with minimal pleiotropic side effects. In addition, identified key genes involved in fruit ripening and/or flavonoid production can be used as targets for marker development in breeding programs. Since the production of the first transgenic plants in the 1980s, a wide diversity of patents have been sought, and granted, on all aspects of the process, ranging from the underlying methods for tissue culture to the means of introducing the heterologous DNA, and to the composition of the DNA construct so introduced (Dunwell 2005; Pray and Naseem 2007) . The amount of patent information available in the area of plant transformation alone can be judged by the fact that a search of the US application database (http://www.bios.net/daisy/bios/ patentlens.html) alone for ''transgenic plant'' and ''method'' returns substantial results. Summaries of relevant recently granted patents and patent applications in the USA are given in Tables 5 and 6 .
Conclusion and future prospects
Anthocyanins are major factors in fruit skin color. A linear set of events can be described; fruit skin color variation is strongly associated with genetic variation and a combination of bioinformatics aspects (Borevitz et al. 2000; Xie et al. 2006) . Anthocyanin biosynthesis is one of the most active research areas due not only to visual appeal, but also to the nutritional value of colored fruits. To develop an anthocyanin-rich cultivar, a better understanding of the regulatory network controlling anthocyanin biosynthesis in fruit crops is a prerequisite. Although the pathway itself is well understood, its regulation appears to be under a hierarchy of complex events, which are slowly being deciphered. The identification of new transcription factors involved in anthocyanin biosynthesis should be conducted together with the investigation of the parameters controlling their expression. This review established a clear relationship between fruit pigmentation, differential transcriptional factors in the anthocyanin-related genes of phenylpropanoid and flavonoid biosynthesis pathways and the accumulation of representative anthocyanins during fruit developmental process. Furthermore, using mutated genes controlling anthocyanin biosynthesis, we can develop functional molecular markers to carry out marker-assisted selection in fruit crops. This promising work needs numerous explorations in the future. The latest achievements in plant genomics have enabled scientists to identify the entire array of genes that sustain a plant. The best example is publication of whole genome sequence of grape providing a valuable tool and resources to the fruit plant community. This progress in genomic research has fostered new approaches to address the understanding of physiological and biochemical pathways. However, the functional relationships between this genetic element and transcriptional activity are still unknown and more studies are needed to better characterize the genetic bases of fruit skin coloration. Future expansions in this area of research will depend strongly on solving these problems.
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